This paper presents an experimental research work to evaluate prestress losses in pretensioned 12 prestressed concrete. An experimental program including variables such as concrete mix 13 design, specimen cross-section size and concrete age at the prestress transfer was carried out. 14 Several pretensioned prestressed concrete prismatic specimens were made and tested using 15 the ECADA+ test method, based on measuring prestressing reinforcement force. In addition, 16 specimens were instrumented to obtain the longitudinal concrete strains profiles at any time. 17
Introduction 2
There are two procedures for prestressing a concrete member through reinforcement: post-3 tensioning and pre-tensioning. In both cases, the initial tensile stress applied in the 4 prestressing reinforcement decreases through several sources. The difference between initial 5 tensile stress and tensile stress in prestressing reinforcement at any time t is defined as total 6 prestress loss (TPL t ). Usually, TPL t is quantified as a percentage over initial tensile stress. 7
8
It is generally accepted that prestress losses have little effect on ultimate design strength and 9 on the capacity of pretensioned concrete members, but that prestress losses can affect service 10 conditions [1] . Upon service loads, overestimating prestress losses can lead to excessive 11 camber and inefficient designs, while underestimating prestress losses can result in excessive 12 deflection and unexpected cracks. 13 
14
Prestress losses can be determined analytically and experimentally. Methods to estimate 15 prestress losses can be classified into the following levels, listed in ascending order in terms 16 of complexity and accuracy [2-3]: I) lump-sum or approximate methods to estimate TPL 17 (oversimplified methods for preliminary design): II) refined or detailed methods to estimate 18 prestress losses separately due to each particular source (commonly used for designs based on 19 elemental information about materials properties and environmental conditions); and III) 20 accurate determination of cumulative losses by time-step methods, which involves knowledge 21 of the loading history on the member (useful in multi-stage bridge constructions at any critical 22 time). 23 due to the elastic shortening of concrete occur in the central zone of the member (prestress 1 losses ranging from f p0 to f pi -initial effective stress, just after the prestress transfer-), and 2 special end zones by varying the prestressing reinforcement stress from zero at the free 3 ends of the member to f pi necessarily exist. The length of these end zones is defined as 4 transfer length [1] . 5 6 As time passes after the prestress transfer, several time-dependent prestress losses gradually 7 occur by the following sources: concrete shrinkage -volumetric decrease in concrete mass-; 8 concrete creep -increase in compressive strains under sustained stress-; and prestressing 9 reinforcement relaxation -lowered tensile stress under sustained elongation-(as the 10 prestressing reinforcement shortens by concrete shrinkage and creep, a less marked relaxation 11 loss rather than intrinsic relaxation -for constant length and temperature-takes place). 12 13 Consecuently, effective stress will change from f pi to a final value f pe after allowing for all the 14 prestress losses. At any time t, effective stress will be f pt , and TPL t can be expressed as 15 
Previous research on prestress losses 11 12
Numerous studies have been conducted in the past to measure prestress losses in pretensioned 13 prestressed concrete members and to compare these losses versus design code estimations. 14 Among these studies, there are several laboratory tests of old girders removed from existing 15 bridges and experimental research works including fabrication, testing and field monitoring of 16 pretensioned concrete members under service. Moreover, concrete shrinkage and creep movements are partially restrained by the 10 prestressing reinforcement. 11
12
As time-dependent prestress losses are performed gradually, a concrete creep at any time t is 13 less than a creep due to the same prestress loss if applied at its full value at the initial time. 14 This phenomenon is frequently accounted for by means of an aging coefficient smaller than 15 unity, which can be included in an age-adjusted effective elasticity modulus of concrete 16 [17, 18] The ECADA+ test method is based on measuring and analysing the force supported by the 2 prestressing reinforcement in a series of pretensioned prestressed concrete specimens with 3 different embedment lengths over time. Specimens were made and tested using pretensioning 4 frames, as shown in Fig. 1 . In this way, each specimen has only one special end zone with the 5 corresponding transfer length. 6 7 A hollow hydraulic actuator with an end-adjustable anchorage device was placed at one end 8 of the pretensioning frame (see Fig. 1 ) to carry out operations of tensioning, provisional 9
anchorage, and detensioning of prestressing reinforcement. At the opposite end, an 10
Anchorage-Measurement-Access (AMA) system was placed to simulate specimens' sectional 11 rigidity. 12
13
The strictly necessary instrumentation devices for the ECADA+ test method include a 14 pressure transducer to control the hydraulic actuator, and a hollow force transducer placed in 15 the AMA system to measure prestressing reinforcement forces at all times during the test 16 (tensioning, provisional anchorage, detensioning, and analysis with time). A hollow force 17 transducer HBM C6A was used in each specimen test. 18 19 Additionally, detachable mechanical strain gauges (DEMEC points) were used to obtain the 20 longitudinal concrete surface strains at the prestressing reinforcement level. An extensometer 21 was used to measure the distance between gauge points with a 100 mm gauge length. Gauge 22 points were spaced at 50 mm intervals. 23
24
No internal measuring devices were used in the tested specimens to not distort the bond 1 phenomenon. 2 3 3.2 Specimen preparation and fabrication 4 5 Specimen preparation and fabrication followed these phases: 6  Lining up the prestressing reinforcement in the pretensioning frame with both anchorage 7 devices at their ends. 8  Prestressing reinforcement tensioning using the hydraulic actuator (Fig. 2a) . 9
 Acting on the prestressing reinforcement to avoid relaxation losses 2 . 10  Provisional prestressing reinforcement anchorage by unscrewing the end-adjustable 11 anchorage to mechanically block the hydraulic actuator (Fig. 2b) . 12  Specimen concreting into the integrated mould, mounted in the pretensioning frame, 13 around the prestressing reinforcement. 14  Maintaining the selected conservation conditions to achieve the desired concrete 15
properties. 16  Demounting the mould from the pretensioning frame. 17  Attaching gauge points by epoxy glue along both lateral sides of the specimen at the 18 prestressing reinforcement level (Fig. 2c) . 19 20
Test procedure 21 22
The different test procedure phases were the following: 23 a) Prestress transfer release: 24 ascendent initial branch and a practically horizontal branch at which the concrete surface 1 strains became somewhat uniform was observed when these longitudinal concrete strains 2 were plotted according to specimen embedment length. Transfer length can be estimated as 3 the length of the first region; that is, as the distance from the free end marking the beginning 4 of the horizontal branch (Fig. 3) . 5 6 Beyond transfer length, the constant strain plateau corresponds to the region of the specimen 7 where compatibility of strains between the prestressing reinforcement and the concrete exists. 8
Prestress losses can be determined in this region, and transfer length remains as a special end 9 region where prestress losses occur in addition to the bond phenomenon. 10 
11
The effective prestressing force at any time t can be measured from the AMA system and can 12 be also obtained from the concrete compressive strains in the region plateau of the specimens 13 according to Eq. (6) 
AMA system designs should be devised. However, it is not really feasible to design a system 9 for each specific test condition. For this reason, the rigidity of the AMA system design is 10 greater than the specimens' sectional rigidity (it must never be lower), and the prestressing 11 reinforcement force measured in the AMA system after release is greater than the effective 12 prestressing force in the specimen, resulting in an end-discontinuity effect (Fig. 4) . 
15
Specimens were stored inside a chamber where temperature and humidity were controlled: 1 temperature, 20-22ºC; relative humidity, 50-60%. Fig. 5 shows some instrumented specimens 2 with the corresponding AMA system in the chamber. After storage, subsequent sets of gauge 3 points readings and prestressing reinforcement force measurements were taken at 1, 2, 3, 7, 4 14, and 28 days, and then monthly. 5 6
Program 7 8
The three different cross-sections used were combined with the three concrete mix designs. 9
Besides, several ages of prestress transfer release were established. Table 2 
Experimental measurements 1 2
For this work, the prestress losses accounted for between jacking and the prestress transfer 3 release were excluded. As the hollow force transducer was placed in the AMA system in 4 contact with the anchorage device, the prestressing reinforcement force just before the 5 prestress transfer release (P 0 ) was known. Furthermore, prestress losses due to prestressing 6 reinforcement relaxation were ruled out by applying a temporary overstressing (see Section 7 3.2). Table 3 summarizes the main test results just after the prestress transfer and after one year, 22 including the measured prestressing reinforcement forces in the AMA system (P 0 , P t1 , P t ), the 23 average concrete strains for the plateau zone (ε t1 , ε t ) and the corresponding effective 24 prestressing forces (P t1,s , P t,s ) according to Eq. (6). Specimens were ordered according to 25 concrete mix design by increasing both cross-section size and concrete age at the prestress 1 transfer. 2 3 As observed in Table 3 , an overestimation of the prestressing reinforcement force was 4 obtained when measuring prestressing forces was considered: P t1 and P t were always greater 5 than P t1,s and P t,s , respectively. This was caused by the end-discontinuity effect and, 6
consequently, the actual prestress losses were underestimated from measuring prestressing 7
forces. In order to determine appropriate coefficients to account for prestress losses 8 underestimation, several adjustments based on specimen cross-section sizes were made for 9 both the instantaneous and time-dependent responses of the AMA system; see Fig. 8 . 10 Therefore, the following equation is proposed: 11 tested, including the prestress losses from specimen strains, the prestress losses from the 23 measured prestressing forces, and the adjusted values of the prestress losses according to Eq. 24 (7) . As observed, the actual prestress losses can be estimated from the measured prestressing 25
forces by applying the obtained κ coefficient. The tendencies according to concrete mix 1 design, specimen cross-section size, and concrete age at the prestress transfer were maintained 2 with the estimation, and only a few values offered a relatively poor estimation. detailed for design according to [9] , except for those specimens with greater cross-sections. 7
This fact can be explained by the different concrete stress levels and the deformability 8 behavior relating to specimen cross-sections. The prestress losses predicted by all the aforementioned methods for all the specimens were 4 computed and are summarized in Table 4 . The comparisons made of the predicted prestress 5 losses with measured prestress losses are included in Figs. 13, 14 and 15 , which depict the 6 total prestress losses after one year, the predicted/measured ratios, and the effectiveness ratios 7 according to Eq. (4), respectively. 8
9
As observed in Fig. 13 , the tendencies of the measured prestress losses according to the 10 variables concrete mix design, specimen cross-section size and concrete age at the prestress 11 transfer are followed by the predicted prestress losses by all the methods: for all the methods, 12 total prestress losses lowered within the same concrete mix design when the specimen cross-13 section increased and the concrete age at the prestress transfer increased, and predicted 14 prestress losses in those specimens made with concrete C were greater than the prestress 15 losses in those made with concrete B, and they were also greater than prestress losses in 16 specimens made with concrete A. cross-section influences prestress losses: prestress losses decrease in the same concrete mix 2 design when the specimen cross-section increases and concrete age at the prestress transfer 3 increases; for equal cross-sections and concrete age at the prestress transfer, prestress losses 4 decrease when the specimen's concrete compressive strength increases. 5  The larger differences between specimens correspond to prestress losses due to elastic 6 shortening of concrete, whose values range from 10% for specimens with greater cross-  The prestress losses predicted by several methods based on codes follow the tendencies seen 13 for measured prestress losses: total prestress losses decrease with greater concrete 14 compressive strength, greater specimen cross-section, and higher concrete age at the 15 prestress transfer. 16  The AASHTO LRFD Refined and the MC/EC2/EHE methods offer the best predictions. 17
The PCI DH, PCI CPL, and AASHTO STD methods provide similar predictions, with a 18 slow trend towards a more marked prestress losses underestimation when concrete 19
